The two-photon dressing of a "three-level ladder" system, here the ground state, the exciton and the biexciton of a semiconductor quantum dot, leads to new eigenstates and allows one to manipulate the time ordering of the paired photons without unitary post processing. We show that, after spectral post-selection of the single dressed states, the time ordering of the cascaded photons can be removed or conserved. Our joint experimental and theoretical study demonstrates the high potential of a "ladder" system to be a versatile source of orthogonally polarized, bunched or antibunched pairs of photons.
Resonance fluorescence , i.e. scattering of radiation by atomic systems irradiated by a resonant or quasiresonant laser field, has become a very active field of research in quantum optics in recent years. It has been first predicted [1] and demonstrated [2, 3 ] that for a twolevel system driven by a high intensity laser, the fluorescence spectrum is characterized by three components, namely the Mollow triplet. After the demonstration that the overall statistics of the generated photons is subpoissonian [4] , the correlation of the different components showed the heralding of the photons coming from the different sidebands [5, 6] . These features were later successfully reproduced thanks to the resonant excitation of the excitonic transition in quantum dots (QD) acting as "artifcial atoms" [7] [8] [9] [10] [11] [12] . Further observations, in the context of coherent control, such as the Rabi oscillations [13, 14] , Ramsey interferences [15] , Autler-Townes splittings [16, 17] confirmed this "atom-like" behaviour.
The involvement of the biexciton state |XX of a QD forms with the exciton state |X and the ground state |G a Ladder-type system. The latter is highly attractive for the field of quantum communication since it proved to be able to provide on demand polarization-entangled [18] and time-bin entangled photons [19] and gives access to multiple applications [20, 21] . Polarization entanglement is usually considered when the excitonic fine structure splitting is smaller than the radiative linewidth of the involved transitions [22] , making the two recombination paths of |XX indistinguishable. This is experimentally very difficult to obtain with standard InGaAs QD, for which even since even uni-axially applied strain tuning is not sufficient to fulfill this condition [23] . Another proposed alternative is to tune the dot spectrum to have coincidence of colors across generations, rather than within generations [24] . It relies on the the manipulation of the photons quantum chronology so that the "which-path" information contained by the time ordering of the photons is erased. The underlying unitary transformation is challenging and was originally proposed to be performed with bulky linear optics [25] .
In this letter, we present a robust and universally implementable scheme to perform this task through the resonant two-photon driving of a Ladder-type system. Interestingly, this system which was recently uncovered experimentally [26, 29] , suffered so far from severe experimental restrictions which prevented one from detecting and analyzing the emitted photons in the time domain, for atoms as well as for QDs. We solve this issue by using determinsitcally fabricated QD-microlenses [28] in combination with high efficiency laser suppression. This allows for the practical use of the generated paired or single photons generated by this excitation scheme. The photons coming from the different dressed states and the perpendicularly polarized remaining bare exciton are correlated. Due the coupling of the field, photons within an emited pair have no ordering in their arrival times, which is in contrast to the natural time ordering of the bare excitonic and biexcitonic photons from the radiative cascade. The non-linear nature of the coherent driving is reflected through two-photon Rabi oscillations observed in the time domain. Detuning of the laser allows for a highly efficient preparation of a particular dressed state and forces the system along a certain path in the dressed radiative cascade. Under these conditions the time ordering of the photons is reestablished. These features are in very good agreements with theoretically calculated correlations in the dressed states basis.
Our experiments are carried out on self-assembled InGaAs/GaAs QDs grown by metal-organic chemical vapor deposition (MOCVD) and embedded in deterministically fabricated microlenses [28] . These nanophotonic structures allow for an efficient and broadband collection of the excitonic and biexcitonic photons. They also play a positive role on the focusing of the excitation laser on the target QD, improving the signal to noise ratio of the observed transitions. In comparison to planar structures with usually very poor extraction efficiency this leads to major advantages especially with respect to photoncorrelation measurements [29] . The microlens sample is placed in a Helium flow cryostat and cooled at a temper-ature of 5 K. By using a cross-polarization configuration, the laser is efficiently suppressed in order to observe the emission lines with very reduced laser background. ) shows typical spectra of the QD |G -|X -|XX system being strongly driven by a narrow external cavity tunable laser in resonance to the virtual state of the two-photon resonance for two different excitation powers (upper spectrum for P o = 100 µW and lower spectrum for P = 38 P o = 3.8 mW respectively) (i.e.
, with E l the laser energy, E X the exciton energy and ∆E b the biexciton binding energy ). The exciting laser is vertically polarized in order to only involve the vertical excitonic state |V in the coherent driving and leave the horizontally polarized exciton state |H unexcited, as can be seen in the underlying level scheme presented in Fig. 1(b) . The strong coupling of the laser to the |G −|V and |V −|B transitions lead to new eigenstates labelled |+ , |− and |0 . In particular, the states |+ and |0 can be written:
Ω is the (single photon) Rabi frequency and E + is the eigenenergy of the state |+ (calculated in the supplementary material). The expression of these states show that the state |+ is a simple superposition of |G and |XX , independant from the Rabi frequency. Its eigenergy is therefore constant with the field strength. On the other hand, the state |0 is a function of the Rabi frequency: its composition and energy change with the excitation power [27] . The resulting emission lines are schematized on Fig. 1 (b) . The two lower energy lines labeled L 0 and L + correspond to two transitions from the dressed states of the manifold associated with n+2 interacting photons (|+ n+2 and |0 n+2 ) to the bare excitonic state |H . The two lines labeled R 0 and R + on the high energy side correspond to transitions from |H to the dressed states of the manifold associated with n interacting photons (|+ n and |0 n ). Fig. 1 (c) (upper panel) shows the splitting of the dressed states as a function of the excitation power. The increase of the splitting with the excitation power is characteristic of the driving of a ladder system with a resonant laser. As expected from the theory, the energy of the dressed state |+ (E + ) stays unchanged, whereas the state |0 (E 0 ) is shifted to higher energies [27] . Interestingly, no broadening of the dressed state emission lines above the experimental resolution can be observed, which is here a major difference with the phonon-mediated decoherence of the Mollow sidebands [30] . This interesting and unexpected feature is most probably related to the fact that in contrast to the standard 2-level system, here the detected transition is not directly driven. Further studies are required to understand the underlying physics in more detail. Fig. 1 (c) (lower panel) shows the spectra of the lines around the original |X and |XX energies as the laser is swept through the two-photon resonance, at fixed excitation power. A clear anticrossing-like behavior is observed for the two doublets, evidencing the coherent interaction between the laser and the excitonic system. By laser detunings (|∆ laser | > 60 µeV), one can prepare a particular dressed state with a great fidelity, and force the cascaded emission of the photon pairs to take a priviledged path through the dressed states ladder. When the laser is detuned on the higher energy side of the two-photon excitation, the lines L + and R 0 are very intense whereas L 0 and R + are suppressed. The same way, when the laser is detuned towards the low energy side L 0 and R + are the privileged transitions whereas L + and R 0 are suppressed. The delays between the arrival times of the photons and the trigger (provided by the pulse generator) are measured and stored in a correlation histogram, allowing one to follow the time evolution of the dressed state population under the resonant CW excitation. Fig. 2 (a) shows the resulting measurement. After a non-linear rise of the detection probability, some damped oscillations can be observed, probing the beating of the dressed states between |XX and |G . These oscillations were until now only probed through picosecond pulsed excitation, as a function of the pulse area [31] . This measurement is here fully accounting for the two-photon resonant driving of the biexciton, where the intermediate exciton state is detuned and therefore adiabatically eliminated leading to an effective two-photon Rabi frequency of Ω 2 /∆E b . This measurement provides a dynamical picture of the dressed states population during the coherent driving, whereas in the pulsed configuration one actually measures the occupation of the bare biexciton a long time after the end of the pulse, i.e. after the phonon-mediated relaxation from the dressed states to the bare excitonic states, as the system is not coherently driven any more. Fig. 2 (c) shows the extracted Rabi frequencies as a function of the excitation power. Interestingly, because of the non-linear nature of the two-photon driving, the evolution of the Rabi frequency with respect to the excitation power is linear while, in the case of a two-level system coherently driven by a strongly coupled laser, it scales with square root of the power [32] . The same measurement was made with the R 0 and R + photons, as shown in Fig. 2 (b) . In contrast to the dressed states, no oscillation is here observed: the |H exciton is not coherently driven and the oscillations probed on the occupation probability of the dressed states are washed out through the radiative relaxation towards |H . These measurements are in good qualitative agreement with the theory presented in the supplementary information [33] (section V.I). Michelson-type interference measurements gives acces to the Fourier transform (defined as g (1) (t)) of the spectrum. The first order correlation functions g (1) (t), measured for the (L 0 + L + ) lines and for the (R 0 + R + ) lines are shown in the inset of Fig. 2 (c) . They both exhibit a gaussian profil and their fit gives a coherence time of 390 ps ±20 ps for the (L 0 +L + ) photons and of 420 ps ± 30 ps for (R 0 + R + ) photons. The former value is particularly interesting if one considers the very short lifetime of the biexcitonic transitions. These measurements are performed at low power, and the splitting of the dressed states is evaluated to be smaller than 10µeV . This explains the corresponding oscillations in g (1) (t) with a low bound of the oscillation period of 400 ps are not visible to significant damping at this timescale.
In order to understand the dynamics of the dressed states and the time ordering of the emitted photons under resonant driving, we correlate the different lines of the emission spectrum with a cross-correlation setup of temporal resolution of 140 ps (full width half-maximum).
We first checked the autocorrelation of the individual lines L 0 and R 0 , (see inset Fig.1 (d) ). As expected, they both exhibit antibunchings. Interestingly, with the laser detuned (by 52 µeV ) from the two-photon resonance (L + suppressed), the correlation of the L 0 line is showing a deep antibunching with g L0 (0) value as low as 0.07 limited by non-ideal laser suppression. This indicates that this scheme could be operated as an efficient coherently tunable single photon source, with no need of usually applied strain or temperature-tuning. Here the two-photon driving gives the appealing advantage to offer spectral fine-tuning of coherent single photons emitted far from the laser energy. This could be a substantial improvement for quantum memory schemes requesting the coupling of a quantum dot single photons to an atomic transition [34] , or to the exploration of cavity strong coupling regimes with Mollow triplet sidebands [36] . The measured characteristic antibunching time (τ p = 350 ps) corresponds to the time needed by the system to repopulate the next higher two-photon manifold allowing for another two-photon radiative cascade via the non-driven exciton state |H (see Fig 1 (b) ).
In the following, we address the correlations between the single emission lines. Fig. 3 shows the crosscorrelation of the single dressed state lines in two-photon resonance. For the sake of consistency, negative delays always describe the emission of a "biexcitonic state" (L + or L 0 ) after triggering from a "R + or R 0 " photon while positive delays correspond to the detection of an "excitonic" photon after a "biexcitonic" photon. Fig. 3 (a) shows the correlation between L + and R + . Bunchings are observed for positive and negative delays, meaning that the two successive emitted photons are emitted from the same direct radiative cascade without time-ordering. This means that an "excitonic"' photon can also trigger a "biexcitonic"' photon, which is not possible when the radiative cascade is bare. This is due to the fact that this correlated emission of paired photons involves the same dressed state as an initial state and as a final state. The relatively large observed bunching (g (2) L+,R+ (0) = 4) indicates that the heralded photons are strongly correlated, presenting obvious advantages in the future realization of Franson-type experiments without the need of tuning the system in a compromise between high count rate and strong correlation, as it is the case for a two-level system [35] . Fig 3 (b) presents the cross-correlation between the L 0 and R + photons. In this case, photon antibunching is observed for the negative delays. This shows that the original time ordering of the photons is conserved. This result is explained by the orthogonality of the involved dressed states as described in Eq. 1 and illustrates the versatility of the resonantly-driven radiative cascade: by tuning the spectral detection windows, one has the opportunity to select either time ordered or time unordered paired photons rendering our system an ideal testbed for any time-bin critical experiments.
The laser field is now detuned (∆ laser = −63 µeV ) from the two-photon resonance. As shown on Fig. 1 (c) , under detuned driving, the eigenstates of the system are modified and thus their emission energies. A path though the dressed radiative cascade is priviledged, which has some further consequences on the time ordering of the emitted photons. An example is shown in the inset of Fig. 4 . With a detuning ∆ laser = −63 µeV, the lines L 0 and R + become very week whereas the lines R 0 and L + are very bright. The system is actually "forced"' to emit preferentially through the path (|+ -|H -|0 ) and the state |+ is deterministically prepared by the laser field. Fig 4 (a) shows the correlation between the two strong lines of the spectrum R 0 and L + . As for the case of strictly resonant exictation, an antibunching can be observed for small negative delays. Despite the fact that the composition of the |+ and |0 states are changed, they remain, as eigenstates, orthogonal to each other. Fig. 4 (b) shows the correlation between the bright line R 0 and the weak line L 0 . Whereas a bunching can be observed for the positive delays, neither a bunching nor an antibunching can be seen for the negative delays. The detuning of the laser changes the composition of the dressed states, making the emission from the state |0 unprobable. As a consequence, the detection of a L 0 photon triggers with a large probability a R 0 photon, whereas the detection probability of a L 0 photon after the triggering of a R 0 photon becomes so weak that its statistics is poissonian. This effect can be seen as an analogy to the time ordering between Mollow triplet sidebands under detuned excitation [6, 7] . Therefore a time ordering is reintroduced between photons which used to be unordered under resonant excitation.
In conclusion, we demonstrated the coherent control over a three-level ladder system and evidenced the two- photon oscillation of its dressed states in the time domain. We show that the strong coupling to the laser field induces a removal of the photon ordering or its conservation, depending on which dressed states are chosen as initial and final states. Providing that the quantum dot photons can be detected in both polarization components, the time reordering of the photons can be used to complete the "which-path" information erasure in situ, without unitary post processing. The large degree of correlation shown by the heralded photons can be used for efficient Franson-type interferometry [35] . It can also be applied to the generation of entangled photons through a resonant cavity mode under resonant excitation [27] . In the field of quantum communication, it could be directly used in order to enlarge the success probability of quantum teleportation of photonic qubits generated with QDs [37] .
